INTRODUCTION
Polycomb repressive complex (PRC2) is the histone methyltransferase that deposits the H3K27me3 mark of silent chromatin. PRC2 promotes epigenetic silencing and is essential for embryonic development and differentiation, as shown by the embryonic lethality of deletion of several of its subunits in mice (reviewed in Margueron and Reinberg, 2011) . PRC2-mediated epigenetic silencing can promote cancer by repressing tumor suppressor genes, and its dysregulation can lead to cancer through derepression of oncogenes (Bracken and Helin, 2009; Sauvageau and Sauvageau, 2010) . Although substantial efforts have been made to develop anti-cancer therapeutic inhibitors to target its histone methyltransferase activity (McCabe et al., 2012; Kim and Roberts, 2016) , the RNA-binding activity of PRC2 has remained poorly understood.
While PRC2 is clearly an RNA-binding protein both in vitro and in vivo (Zhao et al., 2008 (Zhao et al., , 2010 Khalil et al., 2009; Tsai et al., 2010) , how and why it binds RNA have been the subjects of many alternative views (Brockdorff, 2013; . According to proposed models, chromatin-bound RNA may recruit PRC2 specifically to sites of its action, allow PRC2 to scan nascent RNAs more generally to locate possible sites of action, or serve as a decoy to prevent PRC2 from binding active genes and inhibiting its action; and these views are not necessarily mutually exclusive.
There is now general agreement that PRC2 binds natural RNAs promiscuously both in vitro and in vivo (Davidovich et al., 2013 Kaneko et al., 2013; Beltran et al., 2016) . We previously referred to promiscuous binding as the ability of PRC2 to interact with many RNAs that do not share a welldefined protein-binding motif and with affinities that are not enormously different ; but, how would promiscuous binding be possible, considering what is known about protein-RNA interactions? One obvious solution would be if the interaction involved the RNA backbone and were largely driven by electrostatic interactions, but the very modest salt dependence of the affinity of PRC2 to RNA does not support this view (Davidovich et al., 2013) . The best remaining hypothesis is that the binding motif is so common that it occurs at a similar frequency in many natural RNA molecules.
The idea that some binding specificity of PRC2 to HOTAIR could be obtained by G-quadruplex was previously considered (Wu et al., 2013) , but the authors concluded that the quadruplex RNA was not likely to be significant for EZH2-EED binding and proposed a different secondary structure. A non-quadruplex structure was also proposed for this RNA in a subsequent study (Somarowthu et al., 2015) . New information came from the Reinberg lab, which used a pull-down assay to show that poly (G), but not poly (A), was bound by PRC2 in vitro (Kaneko et al., 2014) . This led the authors to speculate that poly (G) could mimic elements of structured RNAs, including double-stranded segments and single-stranded loops, that could be involved in PRC2-RNA interactions. Despite being an important step forward, this observation was still too general and, therefore, insufficient to explain the increased affinity observed between PRC2 to certain 
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RNAs in vitro and some cohort of transcripts in vivo. Moreover, affinities were not measured, the potential formation of higherorder poly (G) species was not excluded, and PRC2 binding to G-quadruplex (G4) RNA structures was postulated, but not tested. The standard diagnostic tests for intramolecular G4 structures are cation-specific stabilization (K + versus Li + , where only the former fits into the central cavity and stabilizes the structure) and sensitivity to mutations that break up blocks of Gs (Williamson et al., 1989) . Here we undertake quantitative binding studies with RNAs of defined length and sequence, and we show that human PRC2 binds G > C,U >> A. The distribution of Gs in an RNA also affects binding affinity, and the tightest binders have four blocks of two or more Gs; indeed, we find that PRC2 binds specifically to the folded form of G4 RNAs. Analysis of formaldehyde RNA immunoprecipitation sequencing (fRIP-seq) and chromatin immunoprecipitation sequencing (ChIP-seq) data show that in vivo PRC2 preferably binds to RNA motifs composed of short repeats of consecutive guanines and to DNA sequences coding for them. Double-stranded RNA is not a determinant for binding. Instead, we find that PRC2 preferentially binds G-tracts in RNA, either single-stranded or, preferably, folded G-quadruplex.
RESULTS

PRC2
Binds G > C,U >> A To quantify the specificity of human PRC2 for oligonucleotides of different base composition, we purified recombinant holo-PRC2 5-mer complex (EZH2, EED, SUZ12, RBBP4, and AEBP2) that was monodisperse by size exclusion chromatography (Figures S1A and S1B), free of nucleic acid contamination, and active as a histone methyltransferase (Davidovich et al., 2013 (Davidovich et al., , 2014 . Binding of PRC2 to RNA was measured by an electrophoretic mobility shift assay (EMSA), and the shifted bands were shown to contain protein as well as RNA ( Figure S1C ). Because PRC2 affinity for RNA increases with RNA length (Davidovich et al., 2013) , RNAs of the same length were compared; usually these were 40-mers, long enough to allow for quantification of affinity while still within the range of chemical synthesis. G 40 , or poly (G), bound to PRC2 with high affinity, while poly (A) showed little binding even at 5 mM PRC2 ( Figure 1A ). Quantitatively, this binding specificity of >>1,0003 for poly (G) over poly (A) was in stark contrast to previous studies of natural RNAs, which showed modest specificities of <103. Poly (U) and poly (C) It seemed likely that guanines promoted PRC2 binding, but there was the formal possibility that adenines prevented binding. Thus, we asked whether the failure of poly (A) to bind could be rescued by insertion of Gs into the sequence. The 40-mers containing 50% G, (GA) 20 and (GGAA) 10 , regained binding to PRC2 ( Figure 1C ). Other sequences containing 16 or 12 Gs (40% or 30% G) also bound well ( Figure 1D ; Table 1 ). Thus, it appeared that PRC2 prefers binding G-tract RNAs.
Association between EZH2 and G-Tract Motifs In Vivo
Given the high specificity that PRC2 demonstrated in vitro to RNAs containing multiple G-tracts ( Figures 1A-1D ), and because (C) PRC2 binding to two oligonucleotides with the same base composition but a different grouping of Gs. (D) PRC2 binding to RNAs containing blocks of Gs (sequences in Table 1) . (E) Enrichment of G-tracts, but not A-tracts, in RNA immunoprecipitated with EZH2, but not with SUZ12. Data of Hendrickson et al. (2016) were analyzed for the indicated motifs. The analysis cannot distinguish G from C or A from U. (F) Association between PRC2 binding (fRIP-seq data) and putative motifs as a function of G-tract length. (G) Association between PRC2 binding (fRIP-seq data) and putative motifs as a function of the number of G-tracts in proximity. such low-complexity motifs are rather abundant genome-wide (Table S1) , we reasoned that these motifs could direct the association between PRC2 and thousands of its target transcripts in vivo.
To this end, we quantified the association between PRC2 and G-tract-containing motifs of the sequence [G 3-5 N 1-5 ] 4-6 , where G is a guanine and N can be any nucleotide. Strikingly, we identified 9,239 association events between EZH2 protein-binding sites (PBSs) and [G 3-5 N 1-5 ] 4-6 motifs in recently published fRIP-seq data (Hendrickson et al., 2016) ; this represented a significant association (p < 10
À308
) with fold enrichment (FE) of 3.32 over the number of association events that could be expected by chance ( Figure 1E ; Table S1 ). Importantly, when we replaced the G in the motif to A, as a negative control, the association between PRC2 and the sequence motif [A 3-5 N 1-5 ] 4-6 was dramatically reduced (FE = 0.557). Interestingly, little to no enrichment was observed when the same analysis was performed for SUZ12-bound transcripts (FE of 1.101 and 0.914 for [G 3-5 N 1-5 ] 4-6 and [A 3-5 N 1-5 ] 4-6 , respectively). This observation is in agreement with the different crosslinking sites that were observed for PRC2 subunits EZH2 and SUZ12 transcriptome-wide in two independent studies (Beltran et al., 2016; Hendrickson et al., 2016) . Increasing the length of each G-tract from two to three or four Gs ( Figure 1F ) or the number of tracts in the motif from two to three or more ( Figure 1G ) led to increased association with EZH2, therefore implicating short repeats of consecutive guanines as a determinant for RNA binding by PRC2 in vivo.
In accord with our in vitro data (Table 1) , sequences of 8, 16, or 24 consecutive guanines, but not adenines, showed significant association with EZH2-binding sites on RNA transcripts (FE of 2.6, 3.0, and 2.6 and p < 10 À308 , p = 2.4 3 10 À5 , and p = 0.056, respectively; Figure S2A ). Long G-tracts in DNA also showed strong association with PRC2 binding and with H3K27me3 marks (EZH2 or H3K27me3 ChIP-seq; Figure S2B ). For all tested long G-tracts, the association with EZH2 and the repressive H3K27me3 mark was greater than that with the active H3K36me3 mark. Yet, ] 4-6 sequences, very long G-tracts are extremely infrequent in the human genome (489 G R 16 and 33 G R 24 sequences; Table S1 ); thus, it would not be safe to conclude that the latter play a major role in PRC2 regulation genome-wide. As another test for in vivo RNA binding, we co-expressed 33FLAG-EZH2 together with several size-matched RNAs in HEK293T cells, and we assayed for protein-RNA interactions using RNA immunoprecipitation ( Figures S2D-S2H ). The four test RNAs that showed binding in vitro were also bound in vivo. (GGAA) 10 RNA, which included multiple G-tracts, immunoprecipitated with EZH2 more efficiently than (GA) 20 , in good agreement with our in vitro data. In another set of experiments, (G3A4)3 and (G3A4)4 showed similar binding to EZH2; it is not surprising to us that in vivo binding can, in some cases, be influenced by factors not present in the in vitro experiments. These differences require additional study.
PRC2 Prefers G4 Structures In Vitro
RNA sequences having four blocks of Gs can form intramolecular G4 structures (Collie et al., 2010; Bugaut and Balasubramanian, 2012) , which, like intramolecular DNA G-quadruplexes (Williamson et al., 1989) , are comprised of planar arrays of Hoogsteenbonded G-quartets. For example, TERRA is transcribed from telomeric DNA repeats (Azzalin et al., 2007) , and it folds into a parallel G4 RNA structure (Collie et al., 2010) . To test if PRC2's preference for blocks of Gs is due to G4 structures, we designed TERRA40 and TERRA40mut; these have the same base composition, but only the former has four G 3 blocks enabling it to form G4 RNA. As shown in Table 1 , PRC2 bound TERRA40 with 6-fold higher affinity than TERRA40mut. As a further test, we designed (G3A4)4 and (G3A4)3, two 40-mers each containing 12 guanines but only the former having G4-forming potential; PRC2 bound (G3A4)4 with affinity 25 times higher than (G3A4)3, despite their high sequence identity (Table 1) . A similar binding difference was found for (G4A4)4 and (G4A4)3, again with the sequence containing four blocks of Gs binding much tighter (Table 1) . Collectively, these results strongly indicate the high affinity of PRC2 for RNA sequences with the potential for G-quadruplex formation.
Whether each of these RNAs formed G4 structures was tested by circular dichroism (CD) spectroscopy (Tang and Shafer, 2006; Vorlí cková et al., 2012) . Poly (G) formed intramolecular G4 structures in both K + and Li + ; the structures were so stable that they could not be melted at 90 C (Figures 2A and 2B ). Poly (U) is essentially unstructured, while poly (C) and poly (A) form their own characteristic base-stacked structures (Seol et al., 2007) ( Figures 2C, 2D , and S3A). G4 structure formation was also confirmed by CD for TERRA40, (G3A4)4, (G4A4)4, and, somewhat surprisingly, (GGAA) 10 , for which the G4 structure would be comprised of only two G-quartets ( Figures 2E, 2F , and S3B). Native gel electrophoresis in KCl ( Figure 2G ; compare with Figures S3C and S3D) confirmed compact folded structures for poly (G) (heterogeneous due to multiple conformers) and for (G4A4)4, (G3A3)4, (GGAA) 10 , and TERRA40, whereas each of their mutant versions ran as expected for an unfolded 40-mer, indicating a major structural disruption upon mutagenesis.
PRC2
Has Elevated Affinity to G-Rich RNA, Even in the Absence of G4-Forming Sequences Given the propensity of G-rich RNAs to fold into G4 structures, we asked if PRC2 also preferred to bind guanines in singlestranded RNA. We selected three of the sequences that do not fold into G4 structures and changed all of their Gs into Cs, allowing direct comparison of PRC2's affinity for G versus C.
Their binding affinities were measured as (GA) 20 > (CA) 20 , (G3A4)3 > (C3A4)3, and TERRA40mut > TERRA40mut-C (Table  2) . Thus, PRC2 prefers G over C, even when the Gs are not participating in G4 structures.
PRC2 Avoids Binding Double-Stranded RNA
The binding of PRC2 to perfect double-stranded RNA (dsRNA) had not been previously tested. Two 40-mer hairpin RNAs were designed, each predicted to form 18 bp connected by a tetraloop. GC stem-loop (Table 1) , which had exclusively G-C base pairs and a base composition of 50% G, did not show any binding (estimated K d >> 2,500 nM), in contrast with (GA) 20 and (GGAA) 10 , which are also 50% G. Hairpin 40, which had a mixed sequence, showed no binding, but its size-matched control (Control 40; Figures S4A and S4B) bound PRC2 well (K d app = 13 nM). The lack of binding of these highly base-paired RNAs stands in sharp contrast to the preferential binding to folded G4 structures. However, a few helix defects were sufficient to restore binding to double-stranded RNA: Looped Hairpin 64 (with two small internal loops, a bulge, and a 3 0 -tail, giving 30% single-stranded nucleotides) bound PRC2 well, although not as well as the size-matched Control 64 ( Figures S4C and S4D ).
PRC2 Binds the Folded Form of G4 RNA Sequences PRC2 might bind folded G4 RNA structures ( Figure 3A ), or it might bind to an unfolded or partially unfolded form, conceivably structure formation assessed by CD (positive peak at 260-263 nm and negative peak at 237-241 nm). All spectra were determined at least twice in 100 mM KCl and in 100 mM LiCl at three temperatures, with representative data shown here. Unless stated otherwise, CD was at 30 C.
(A) Poly (G) in 100 mM KCl and in 100 mM LiCl forms such a stable set of structures that it does not require K + to fold. by facilitating G4 unfolding. To begin to address this question, we compared PRC2 binding in 100 mM KCl versus 100 mM LiCl. The expectation was that, if PRC2 binds to folded G4 RNA, then the presence of K + in the binding buffer should stabilize protein binding. On the other hand, if PRC2 were able to melt G4 structures and bind to the unfolded form, then K + would make it more energetically costly to unfold G4 RNA and would destabilize binding. As shown in Figures 3B and 3C and Table 1 , PRC2 bound all G4-forming RNAs approximately ten times more tightly in K + than in Li + . This supports the conclusion that it is the folded G4 RNA structure that is bound.
However, it seemed possible that the non-physiological LiCl conditions might perturb PRC2's structure and ability to bind RNA. We therefore measured PRC2 binding to (GA) 20 , poly (C), and poly (U), none of which undergoes a cation-specific folding transition. Strikingly, the binding of these RNAs to PRC2 was virtually identical in 100 mM LiCl versus KCl ( Figures 3D and S3E ). Thus, we conclude that the differential effect of Li + versus K + on PRC2 binding to G4 RNAs is due to a structural change in the RNA, not the protein.
To further investigate the PRC2-G4 RNA interaction, we challenged the protein-RNA complex in vitro with the cationic porphyrin TMPyP4, which binds G4 DNA structures (Shi et al., 2001) . The drug disrupted PRC2 binding to G4 RNA, but not to a non-G4-forming RNA ( Figure 3E ), consistent with PRC2 binding the folded G4 structure. Concordant results were obtained with the G4-binding pyridostatin (PDS) molecule (Rodriguez et al., 2008 ; Figure S4E ); in this case, the inhibition occurred at lower drug concentrations than with TMPyP4, consistent with the tighter binding of PDS (Le et al., 2015) . The drugs could affect PRC2 binding either by binding the G4 RNA and causing steric hindrance with the protein or by preventing some rearrangement of the G4 structure necessary for binding (Collie et al., 2011; Morris et al., 2012) .
As four repeats of consecutive guanines are typically considered the minimal requirement for the formation of a stable G-quadruplex structure, we wished to determine whether there is larger association in vivo between PRC2 binding to motifs of the form [G 3 N 1-5 ] n when n R 4 compared to n % 3. Given the large abundance of motifs of the form [G 3 N 1-5 ] %3 genomewide, this analysis was restricted to chromosome 12. In agreement with the G4 hypothesis, strong association between fRIP-EZH2 to the motif [G 3 N 1-5 ] n (or [G 3 H 1-5 ] n , where H is any base except for G) was observed only where n R 4, not n % 3 ( Figure 3F ). Note that the analysis of n % 3 was dominated by n = 1, given its relative abundance. The same observation persisted also when these motifs were tested for association against binding sites for EZH2 on DNA (ChIP-seq) or the repressive chromatin mark H3K27me3, but not the active chromatin mark H3K36me3 ( Figure S2C ).
RNA Crosslinks to Four Subunits in the Assembled PRC2 Complex
Previous studies concluded that the RNA-binding subunit of PRC2 is EZH2 (Zhao et al., 2008 (Zhao et al., , 2010 Kaneko et al., 2010) , EZH2-EED (Wu et al., 2013) , or SUZ12 (Kanhere et al., 2010) . In another study, EED was suggested to temper the binding interactions (Cifuentes-Rojas et al., 2014) . AEBP2 has been shown to slightly increase the affinity of PRC2 to RNA by $2-fold (Davidovich et al., 2013) . One potential challenge with assessing RNA binding to isolated PRC2 subunits is that these proteins may not be correctly folded in the absence of their binding partners. Indeed, recent crystal structures of the core complex of PRC2, including EZH2, EED, and VEFS domain from SUZ12, show large and complex interfaces among these subunits (Jiao and Liu, 2015; Brooun et al., 2016) . To rule out such concern, we used fully assembled and monodisperse holo-PRC2 5-mer complex for protein-RNA photocrosslinking to assess which subunits are in proximity to bound RNA.
One series of RNA 24-mers was based on a G4 structure, with 4-thio-uridine (4S-U) substituted near the 5 0 end, near the 3 0 end, or in an internal loop between G-quartets. These RNAs underwent crosslinking with similar efficiencies in the range of 9%-14% ( Figure S5A ). To unambiguously identify the crosslinked protein subunits, the crosslinking was repeated with PRC2 complexes in which a single subunit was MBP-tagged and, therefore, had retarded electrophoretic mobility ( Figures 4A and S5B) . The results indicated crosslinking of RNA primarily to EZH2 (in agreement with Zhao et al., 2008 and Kaneko et al., 2010) and EED (in agreement with Wu et al., 2013 and Cifuentes-Rojas et al., 2014) , and also to SUZ12 (in agreement with Kanhere et al., 2010) and AEBP2 (in agreement with our previous observations; Davidovich et al., 2013) , but not RBBP4 ( Figure 4B ). For comparison, a non-G4-forming 24-mer gave a very similar crosslinking pattern ( Figures 4A and 4B ). As an example of a longer RNA containing a variety of structural elements, 4S-U-substituted HOTAIR 400 RNA was tested; the same four PRC2 subunits were found to be crosslinked, although in this case with more equal efficiency ( Figures 4A and 4B ). Because the presence of an N-terminal tag could perturb RNA binding, we compared the crosslinking efficiencies of tagged and untagged subunits. As shown in Figures 4B and S5C-S5E, EZH2 and EED crosslinked with better efficiency than other subunits independent of MBP tagging. Importantly, although multiple observations have linked these four subunits, independently, with the RNA-binding activity of PRC2, to our knowledge this is the first evidence for function of all these proteins in RNA binding while assembled into a holo-PRC2 complex. It seemed possible that one of these subunits provided the primary binding site or anchor for RNA binding and that perhaps the others were not real binding sites but simply regions where the RNA was held into proximity of the protein. To try to reveal a primary binding site, we conducted crosslinking experiments as a function of decreasing UV exposure, increasing salt concentration and increasing competitor RNA concentration (e.g., Figures S5F and S5G) . In all cases, the crosslinking to each of the subunits decreased to a similar extent. Thus, these results do not support an anchor site hypothesis, but rather they indicate a genuine function in RNA binding for all four protein subunits.
G-Quadruplex RNA and Single-Stranded RNA Bind to the Same Site on PRC2 Finding that four PRC2 subunits were in proximity to bound RNA seemed to provide a possible explanation for our unexpected finding that PRC2 could bind two completely different types of RNA: highly folded G4 RNA and single-stranded RNA (ssRNA) containing G, C, and U nucleotides. One could hypothesize that these different types of RNA might bind to different sites on PRC2. To test this idea, we competed the binding of radiolabeled TERRA40 (which has a G4 structure) with unlabeled TERRA40mut (which does not form G4) and vice versa. The two RNAs competed for binding ( Figure 4C ), indicating identical or mutually exclusive sites. Similarly, (GGAA) 10 competed for binding with (GA) 20 ( Figures S5H and S5I) . Thus, both the crosslinking results (G4 and non-G4 RNAs crosslink to the same four subunits) and the competition results (G4 and non-G4 compete for binding) lead to the model of Figure 4D . Our data cannot exclude a complex model involving multiple binding sites that are all capable of binding both G4 and non-G4 RNAs, but postulating a single RNA-binding site for PRC2, involving multiple subunits, is the simplest model. PRC2-Binding Sites on Chromatin Genome-wide Are Associated with G-Tract Motifs PRC2-binding sites on chromatin in mammalian embryonic stem cells (ESCs) are known to associate with GC-rich DNA sequences (Mendenhall et al., 2010) . Given the strong association between PRC2 and G-tract RNAs in vitro and in vivo, it was important to determine whether motifs composed of short repeats of consecutive deoxy Gs are enriched at PRC2 target genes genome-wide. This is particularly important because RNA-mediated regulation of PRC2 has been previously proposed to take place in cis (Zhao et al., 2008; Kanhere et al., 2010) and in trans (Rinn et al., 2007) . Hence, it is not a foregone conclusion that PRC2 binding to RNA tracks with binding to cognate DNA, from where PRC2-binding transcripts are being transcribed. Accordingly, EZH2 ChIP-seq peaks in the Encyclopedia of DNA Elements (ENCODE) data (ENCODE Project Consortium, 2011) were shown to associate with [G 3-5 As a negative control, we repeated this analysis for the active chromatin mark H3K36me3, which did not associate with any of these motifs (1.0 > FE > 1.2 for both motifs and both cell lines). Increasing the number of consecutive guanines within a given DNA repeat ( Figure S6A ) or the total number of G-tracts in the motif ( Figure S6B ) revealed increased association with EZH2 genome-wide, implicating PRC2 enrichment at genes encoding G-tract RNAs.
DISCUSSION
The present work provides a quantitative basis for understanding the promiscuous binding of PRC2 to RNA. First, PRC2 binds single-stranded RNAs, especially those containing runs of Gs, with moderate affinities, $300 nM. (These affinities are for 40-mers; PRC2 binding affinity would increase with RNA length [Davidovich et al., 2013] .) Only stretches of As are excluded from binding, in agreement with Kaneko et al. (2014) . Second, G-quadruplex structures have enhanced affinity, typically a full order of magnitude greater than those of closely matched sequences that cannot fold into G4 structures (Table 1 , KCl data, compare (GGAA) 10 with (GA) 20 , (G3A4)4 with (G3A4)3, and (G4A4)4 with (G4A4)3). Remarkably, it takes multiple repeats of only two consecutive Gs to form G4 in RNA, as shown by the CD spectrum and K + -dependent native gel electrophoretic mobility of (GGAA) 10 . Even (GU) 20 , originally designed as an unfolded control RNA, clearly undergoes K + -dependent folding (by native gel electrophoresis) into some structure(s) that are preferentially bound by PRC2 (Table 1 ). There are short G-tracts in almost any RNA that was ever tested in vitro for binding PRC2 (Zhao et al., 2008; Kanhere et al., 2010; Tsai et al., 2010; Wu et al., 2013; Cifuentes-Rojas et al., 2014; Davidovich et al., 2013 ; for example, HOTAIR 400 has eight tracts of GGG or longer. Thus, PRC2 recognition of this very common multiple-G-tract motif leads to its promiscuous binding to natural long noncoding RNAs (lncRNAs) and pre-mRNAs. Our analysis shows preferential binding of PRC2 to RNAs containing G-tracts in vivo ( Figures 1E and 1F) . Furthermore, we find stronger association of EZH2 with four or more repeats of three consecutive Gs compared to short repeats (n % 3) ( Figure 3F ), consistent with binding to G4-forming sequences, although clearly four G-tracts are not required for binding in vivo ( Figures  1G and S2H) . Transcriptome-wide, RNA secondary structures appear to be less folded in vivo than in vitro, which is attributed to the action of helicases and single-stranded RNA-binding proteins in vivo (Rouskin et al., 2014; Spitale et al., 2015) . The same appears to be true of G4 RNA structures in mammalian cells (Guo and Bartel, 2016) . It is possible that PRC2 gets a fair chance to compete with such helicases and other G-tract-binding factors for newly transcribed G4 structures in RNA, as they are emerging from the polymerase through transcription of active genes. Thus, we propose that, even if G4 structures are labile in vivo, the folded form can be trapped and stabilized by PRC2 binding and that such structures provide high-affinity targets for PRC2. Promiscuous binding in vivo is then due to the ubiquity of G4-forming RNA sequences and to non-G4 tracts of Gs, Us, and Cs that also bind PRC2.
In general agreement with previous hypotheses (Kaneko et al., 2014) , we found that the structure of a given RNA can indeed be a determinant for PRC2 binding. Yet, our results support a different specific mechanism, where structured RNA per se is insufficient to serve as a preferred target for PRC2: singlestranded RNAs containing G-tracts are good ligands for PRC2, and double-stranded RNA segments are not ligands at all (Figure 4D) . However, purely double-stranded RNA is rare in vivo. We found that the introduction of a few helix defects (internal loops and bulges) in an RNA hairpin made it a good PRC2 binder. Thus, in vivo, although double-stranded RNA per se is not expected to be a PRC2 target, it should not inhibit PRC2 binding (E) Pre-formed G4-RNA-PRC2 complexes are disrupted by the cationic porphyrin TMPyP4, whereas non-G4-RNA complexes are unaffected. (F) In vivo fRIP-seq data show stronger association between EZH2 and larger numbers of repeats (n R 4) of three consecutive guanines compared to shorter numbers of repeats (n % 3). Because of the enormous number of such motifs across the genome, this specific association analysis was restricted to human chromosome 12. (A) Coomassie, SDS-PAGE of purified PRC2 (no tag), and four singly MBP-tagged PRC2 complexes (e.g., MBP-EZH2 indicates a purified PRC2 5-mer complex in which only the EZH2 subunit was N-terminally tagged with MBP). For the next three gels, the indicated 4S-U-substituted RNA was radiolabeled and photocrosslinked to the untagged and MBP-tagged PRC2 complexes. The order of the lanes is the same as for the Coomassie gel. Colored boxes are MBP-tagged subunits, which, in the case of MBP-EED, overlap with other untagged subunits. (B) Quantification of crosslinking efficiency between PRC2 subunits and various RNAs. There was no detectable crosslinking to RBBP4. Differences between left half (MBP-tagged EZH2) and right half (MBP-tagged SUZ12) could represent effect of the tag on RNA crosslinking or systematic error due to subtraction of background in gel. Error bars, SD; five to six independent experiments.
(legend continued on next page)
to adjacent single-stranded nucleotides, such as bulged bases or internal loops. A recent study suggested a major role for SUZ12 in the association between PRC2 and RNA in cells (Beltran et al., 2016) . Our analysis of SUZ12 fRIP-seq data indeed confirmed genomewide association between this protein and RNA (Table S1) , even if based on this particular data no association was observed with G4-forming sequences. Our in vitro crosslinking data also confirmed contacts between RNA and SUZ12 ( Figures 4A and  4B ). The discordance between EZH2 and SUZ12 RNA sequence preferences observed here and by others (Beltran et al., 2016; Hendrickson et al., 2016) remains unexplained, but the different (C) Left: pre-formed TERRA40-PRC2 complex is competed by unlabeled TERRA40 RNA and by its non-G4 mutant. Right: pre-formed TERRA40mut-PRC2 complex is competed by the same unlabeled RNA and by TERRA40. These experiments were not designed to measure K i but rather to assess mutually exclusive versus independent binding. (D) Model for a single RNA-binding site at the conjunction of four PRC2 subunits, and a summary of its relative binding to various RNA structures/sequences. Table S1 ). (B) Enrichment of DNA sequences coding for PRC2-binding RNA motifs at Polycomb target genes provides a means for RNA-mediated regulation in cis. Such models that have been previously proposed include (1) facilitation of derepression processes and maintenance of the active state of Polycomb target genes by eviction of PRC2 from transcribing genes that should not be subjected to H3K27me3 repression, where the RNA acts as a decoy to evict PRC2 from chromatin; and (2) maintenance of epigenetic silencing by RNA recruitment of PRC2 to target genes or scanning for other recruitment factors (reviewed in Brockdorff, 2013 and . While all these models are still pending validation, they are not mutually exclusive, and any of them, if valid, will likely rely on local enrichment of such PRC2-binding RNA motifs. extent of RNA crosslinking by these two subunits ( Figure 4B ) is consistent with them binding RNA differently. Future studies will be required to elucidate the precise manner in which each PRC2 subunit functions in RNA binding and RNA-mediated regulation of this epigenetic modifier.
Importantly, the significant enrichment of DNA sequences coding for PRC2-binding RNA motifs around PRC2-binding sites on chromatin (Figures 5A and S6) implies that RNA transcripts emerging from these loci, either coding or noncoding, will have a better chance to compete for PRC2 binding than other transcripts. While the actual function of RNA binding by PRC2 is still under investigation by multiple independent groups, the strong association between PRC2 and low-complexity motifs of short G-tract repeats emerging from Polycomb target genes provides a means for RNA-mediated regulation of PRC2 in cis ( Figure 5B ).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell Lines HEK293T cells were grown in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM GlutaMAX-I, 100 units/ml penicillin and 100 mg/ml streptomycin.
METHOD DETAILS Protein Expression and Purification
Human PRC2-5 m complexes (EZH2, EED, SUZ12, RBBP4 and AEBP2) were expressed in insect cells and purified as previously described (Davidovich et al., 2014) with adding additional Heparin column. Briefly, protein complex was bound to the amylose resin and washed thoroughly, followed by elution with 10 mM maltose. The elution was concentrated to $15 mg/ml (Amicon Ultra-15 Centrifugal Filter Unit, 30 kDa MWCO, Millipore cat # UFC903024). Protein complex was digested by PreScission protease at a mass ratio of 1:50 protease:protein and the salt concentration was adjusted to $250 mM NaCl. After 16-20 hr incubation at 4 C, protein complex was run on SDS-PAGE to check for cleavage efficiency. The protein was injected into 5 mL HiTrap Heparin column (GE, 17-0407-03) with a gradient over 35 column volumes from Buffer A (10 mM Tris-HCl pH 7.5 at RT, 150 mM NaCl, and 1 mM TCEP) to Buffer B (10 mM Tris-HCl pH 7.5 at RT, 2 M NaCl, and 1 mM TCEP), with a 1.5 ml/min flow rate. The PRC2-peak fractions were identified using SDS-PAGE, pooled and concentrated as above. The concentrated protein was injected into HiPrep 16/60 Sephacryl S-400 HR with running buffer (250 mM NaCl, 10 mM Tris-HCl pH 7.5 at RT, 1 mM TCEP-pH 7). Protein fraction was collected with a flow rate of 0.5 ml/min. PRC2-peak fractions were identified using SDS-PAGE, pooled and concentrated as above. Final protein concentration was determined by absorbance at 280 nm and the ratio of absorbance at 260 nm/280 nm < 0.7 was observed, an indication of no nucleic acid contamination.
Electrophoretic Mobility Shift Assay (EMSA) for PRC2-RNA Binding All 40-mer RNAs were synthesized by GE-Dharmacon. RNA was radiolabeled as previously described (Davidovich et al., 2014) except RNA was dissolved in TE, pH 7.5 after PAGE purification. (Previously, we dissolved RNA in Milli-Q pure water, but we observed RNA degradation upon prolonged boiling in water.) The counts of purified RNAs were determined by liquid scintillation counting. Radiolabeled RNA, with specific activity no less than 100 000 cpm/pmol, was adjusted to a volume of 60 mL with TE, pH 7.5. The diluted RNA was heated for 10 min at 95 C to ensure melting of folded structure and snap-cooled on ice for 3-5 min. RNA was then allowed to fold for 30 min at 37 C in binding buffer (50 mM Tris-HCl pH 7.5 at 25 C, 100 mM KCl, 2.5 mM MgCl 2 , 0.1 mM ZnCl 2 , 2 mM 2-mercaptoethanol, 0.1 mg/ml bovine serum albumin, 0.1 mg/ml fragmented yeast tRNA (Sigma cat # R5636), 5% v/v glycerol). The success of this method in breaking up intermolecular complexes was confirmed by native gel electrophoresis (see below). Next, stock protein was diluted with binding buffer, added and allowed to bind with radiolabeled RNA (1000cpm/lane) at 30 C for 30 min. Sample was loaded to non-denaturing 0.7% agarose gel (SeaKemÒ GTGÒ Agarose, Fisher Scientific cat # BMA 50070) buffered with 1XTBE at 4 C. Gel electrophoresis was carried out for 90 min at 66 V in an ice box within a 4 C cold room. Gels were vacuum dried for 60 min at 80 C on a Hybond N+membrane (Amersham, Fisher Scientific 45-000-927) and two sheets of Whatman 3 mm chromatography paper. Dried gels were exposed to phosphorimaging plates and signal acquisition was performed using a Typhoon Trio phosphorimager (GE Healthcare). For PRC2-RNA binding in LiCl, 100 mM KCl was substituted with 100 mM LiCl in binding buffer.
Circular Dichroism Spectroscopy RNA (10 mM) was folded in the same way as in PRC2-RNA binding condition (100 mM KCl or 100 mM LiCl). CD spectra of RNAs at a volume of 170 mL and a concentration of 10 mM were recorded in a 0.1 cm path-length quartz cell using a Chirascan-plus qCD spectropolarimeter (Applied Photophysics). The CD spectra were obtained at 0.5 nm intervals from 220 to 350 nm. The temperature of the cell holder was regulated with a temperature controller, and the cuvette chamber was flushed with a constant stream of dry N 2 gas to prevent the condensation of water on the cuvette exterior. CD spectra were measured at three different temperatures: 20 C, 30 C and 90 C.
Native Gel Electrophoresis 10% polyacrylamide gels (29:1 ratio of acrylamide to bisacrylamide) were poured (0.75 mm thickness) using 0.5X TBE buffer. KCl or LiCl gels contained an additional 100 mM KCl or LiCl, respectively. These gels were run at 30 C, the same temperature as the proteinbinding studies. The running apparatus was completely bundled with a heat-exchanger connected to a circulating warm water bath (temperature set at 30 C). The gels were run at $166 V ($10 V/cm) at a maximum power of 10 W. The temperature of the gel was monitored and was around 31-32 C during the entire running. Salt-containing gels also have salt in the running buffer. RNA samples were prepared in the same way as in PRC2-RNA binding (see above). 10 mL (1000 cpm) of each RNA samples were mixed with 1.0 mL of 60% glycerol containing marker dyes and 0.5X TBE or 0.5XTBE-100 mM KCl or 0.5X TBE-100 mM LiCl. Gels were pre-run for 1 hr at 30 C and samples were loaded onto the gel. The gels were stopped running until the bromophenol blue dye hit 13 cm measured from the bottom of the well ($6-12 h).
RNA or G4-ligand Competition Assay
Competition reactions were set up identical to PRC2-RNA binding reactions (see above) except a constant concentration of PRC2 was included and variable concentrations of competitor RNAs or G4-ligands (TMPyP4 or PDS) were used. Competitor RNAs were folded in the same way as radioactively labeled RNAs. The amount of protein used in each assay was determined based on the concentration of protein giving 80% maximal binding of the labeled RNA in the absence of any competitor RNAs.
UV Crosslinking of RNA-PRC2 Complexes RNA samples were either transcribed with 4-thio-UTP (TriLink Biotechnologies) (for HOTAIR400), or synthesized (GE-Dharmacon) with 4-thio-U incorporated into the oligo (16-40-mers) . HOTAIR400 transcription included alpha-32 P-CTP to body label the RNA, and the short oligos (16-40-mers) were end-labeled with gamma-32 P-ATP as described above. Trace amounts of hot RNA were refolded (as above, except in some instances BSA and tRNA were omitted from the refold buffer) or used without refolding and incubated with 200 nM-1 mM PRC2 protein. PRC2 or PRC2 that contained an uncleavable MBP tag on one of the subunits was incubated with RNA for 30 min at 30 C. Samples were moved to siliconized glass coverslips on ice, placed in a Stratalinker with 365 nm bulbs, and exposed to light for 10-30 min. Sample were diluted with SDS loading dye and loaded onto a Nupage 4%-12% Bis-Tris gel (Life Technologies). Gel electrophoresis was carried out for 60 min at 180 V. Gels were vacuum dried at 80 C for 30 min on Whatman 3mm chromatography paper. Dried gels were exposed to phosphorimaging plates and signal acquisition was performed using a Typhoon Trio phosphorimager (GE Healthcare).
RNA Immunoprecipitation
HEK293T cells were grown in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM GlutaMAX-I, 100 units/ml penicillin and 100 mg/ml streptomycin. 5.5x10 6 HEK293T cells were seeded in a Corning 10 cm 2 tissue culture dish 24 hr before transfection. The next day, HEK293T cells were transfected with Lipofectamine 2000 (Life Technologies) using 5.5 mg of DNA per plasmid. Three plasmids were used: PCDNA3.1-3xFlag-Halo-EZH2, P_MU6-test RNA-MS2, and pMS2-eGFP (Addgene: #27121). Transfection was carried out in media without antibiotics (DMEM, 10% FBS, and 2 mM GlutaMax-I). Cells were incubated at 37 C/5% CO 2 for 24 hr and then harvested by trypsin and collected by centrifuging at 100xg for 5 min. Cell pellet was washed once with 1 mL cold PBS, transferred to an Eppendorf tube and re-centrifuged for 5 min at 100xg.
All of the PBS was removed and the cell pellet was resuspended in 1 mL cold lysis buffer (25 mM Tris-HCl pH 7.5, 5% glycerol, 150 mM NaCl, 2.5 mM MgCl 2 , 2 mM TCEP pH 7.0, 1x Protease Inhibitor Cocktail (ThermoFisher-Pierce: 88266), 1% NP-40 Substitute (Sigma: 74385)) and rotated at 4 C for 30 min. Lysate was cleared by centrifuging at 16,100xg for 10 min. 12.5 mL of packed anti-flag M2 affinity beads (Sigma: A2220) were used per IP and pre-equilibrated by washing 3 times with 1 mL of cold lysis buffer per wash. The final wash was removed and beads were re-suspended in 50 mL of lysis buffer per IP. 50 mL of the anti-flag bead resuspension was applied to 150 mL of cleared lysate and rotated at 4 C for 2 hr. Anti-Flag beads were centrifuged at 100 rcf and washed 4x with 1mL of room temperature wash buffer (25 mM Tris-HCl pH 7.5, 5% glycerol, 500 mM NaCl, 2.5 mM MgCl 2 , 2 mM TCEP pH 7.0, 0.1% Triton X-100). The final wash was removed and beads were prepared for RNA or protein analysis.
For RNA analysis, beads were re-suspended in 1 mL Trizol containing 2 mg of glycogen. Trizol extraction was carried out according to the manufacturer's protocol and RNA extracts were treated with RQ1 DNase (Promega: M6101). DNase treatment was terminated by performing a phenol:chloroform:isoamyl alcohol purification. Purified RNA was reverse transcribed using SuperScript III (Life Technologies: 180800-044) with random hexamer (ThermoFisherScientific, N8080127) and oligo d(T) 18 (ThermoFisherScientific, 18418012) . qPCR was performed using a LightCycler 480, iQ SYBR Green Supermix (Bio-Rad: 1708882), and primers to the MS2 constant region.
To construct plasmids for RNA-IP experiments, the DNA templates of the following sequences were synthesized from Genescript:
The above DNA was then amplified using:
0 -GT CCTAGTACTCGAGAAAAAAAGCTAGCTGG The PCR amplicon and pgRNA-humanized (addgene #44248) were digested with BstXI and XhoI and ligated together with T4 DNA ligase (NEB #M0202). The resulting plasmid was digested with BstXI and the following sets of 5 0 phosphorylated DNA oligomers were ordered from IDT, annealed, and ligated into the BstXI digested plasmid: DY 145 -(GA) 20 F -/5Phos/TTGGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGACTTG DY 152 -(GA) 20 R -/5Phos/TCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCCAACAAG DY 148 -(GGAA) 10 F -/5Phos/TTGGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAAGGAACTTG DY 155 -(GGAA) 10 R -/5Phos/TTCCTTCCTTCCTTCCTTCCTTCCTTCCTTCCTTCCTTCCCAACAAG DY 147 -(G 3 A 4 ) 3 F -/5Phos/TTGGAAAAAAGGGAAAAGGGAAAAGGGAAAAGAGAGAAAAAAACTTG DY 154 -(G 3 A 4 ) 3 R -/5Phos/TTTTTTTCTCTCTTTTCCCTTTTCCCTTTTCCCTTTTTTCCAACAAG DY 146 -(G 3 A 4 ) 4 F -/5Phos/TTGGAAAAAAGGGAAAAGGGAAAAGGGAAAAGGGAAAAAAAAACTTG DY 153 -(G 3 A 4 ) 4 R -/5Phos/TTTTTTTTTCCCTTTTCCCTTTTCCCTTTTCCCTTTTTTCCAACAAG Northern Blot Trizol (1 mL) containing 2 mg of glycogen was added to 100 mL of cell lysate that was prepared as described in the RNA Immunoprecipitation section. Trizol extraction was carried out according to manufacturer's protocol and RNA pellets were re-suspended in 15 mL of TE pH 7.0 (10 mM Tris-HCl pH 7.0, 1 mM EDTA). 1 mg of RNA extract was heated at 92 C for 5 min in 51% formamide, 16 mM EDTA, 0.5x TBE, 0.025% Xylene Cyanol. A 6% polyacrylamide gel containing 7 M urea and 1x TBE was pre-run for one hour at 30 W prior to loading boiled samples. The samples were run at 30 W for one hour and transferred onto a Hybond N+ membrane (GE Healthcare) in 1xTBE for 1 hr at room temperature. The membrane was crosslinked at 1200 mJ/cm 2 and pre-hybridized for 30 min at 50 C in Church buffer (0.5M sodium phosphate, 1mM EDTA, 7% SDS, 1% BSA). MS2_tag1 R oligo was 32 P end-labeled using T4 Polynucleotide Kinase (New England Biosciences: M0201) and hybridized in Church buffer at 50 C overnight.
Western Blot HEK293T cells were lysated as described in the RNA immunoprecipitation section. 50 mL of lysate was saved for western blot analysis. 950 mL of lysate was used for pull-down with Anti-flag beads. Standard western blot protocol was used and antibodies include: Anti-FLAG M2-HRP (Sigma A8592, 1:2500), Anti-SUZ12 (Santa Cruz sc67105, 1:200), and Goat Anti-Rabbit IgG-HRP (Santa Cruz sc2301, 1:5000).
QUANTIFICATION AND STATISTICAL ANALYSIS
Quantification of K d Equilibrium dissociation constant (K d ) was quantified from binding curves based on standard quantifications of EMSA (Goodrich and Kugel, 2006) . Unless stated otherwise, reported values represent the average and standard deviation of three independent experiments performed on different days.
RNA-Immunoprecipitation
Data was analyzed as percent to input = (1/(2 Ct(IP)-Ct(Input) ))*dilution_factor*100%. Background (expression and IP of RNA sequences in the absence of 3xFlag-Halo-EZH2) was subtracted and biological replicates were averaged.
Quantification of Genome-and Transcriptome-wide Association between Proteins and Putative Motifs
Binding sites of proteins on RNA in vivo were identified from published fRIP-seq data (Hendrickson et al., 2016) , and ENCODE ChIPseq data were used for protein-binding sites on DNA (See Table S1 for NCBI GSE accession numbers). Short reads were downloaded from the NCBI Gene Expression Omnibus (GEO) repository and converted to fastq files using the SRA Toolkit (Kodama et al., 2012) . Data were mapped to the reference genome (hg19) using Bowtie2 (Langmead and Salzberg, 2012) with the option -q. In order to identify protein binding sites (PBS), output sam files were converted to bam files (bedtools; Quinlan and Hall, 2010) and peaks were called using MACS2 (Zhang et al., 2008) , with the option -broad and the default false discovery rate (FDR) of 0.05, against experimental input.
For each putative binding motif that was tested, the start and end positions were identified within the human genome (hg19) on either the positive or negative strands and assigned as individual features into a single bed file (motif_search.pl, GitHub https:// github.com/cdavidov/motif_search_v1-8/blob/master/motif_search_v1-10.pl). Overlapped motifs were merged by bedtools merge (Quinlan and Hall, 2010 ) using the -s option, to force merging of motifs from the same strand. Next, the number of PBS-motif association events determined by counting overlaps between PBS and motifs using bedtools closest (Quinlan and Hall, 2010) with the option -d. Since the number of PBS-motif association events would be expected to vary with dependence on the number and size of motifs and the number and size of PBS, we empirically quantified the number of these association events that could be expected to be obtained by chance. To this end, motifs were randomly shuffled using bedtools shuffle (Quinlan and Hall, 2010) under the default settings and the same reference genome, as used for the procedures above, and the number of PBS-motif association events was quantified again, as above. This process was repeated 1000 times, in order to empirically determine the probability density function (PDF) of the number of PBS-motifs association events that were obtained by chance. The empirically obtained PDF was then modeled to a Poisson distribution (MATLAB). The modeled Poisson PDF was used to calculate the probability of obtaining the number of PBS-motifs association events, as observed without shuffling the motif. Fold Enrichment (FE) was calculated by dividing the number of PBS-motif association events by the mean obtained from the modeled Poisson PDF.
Data quantifying the association between PRC2 and motifs of the form [G n N m ] k , with different lengths or G-tracts (n) or different number of repeats (k), were generated using the same pipeline, with the following modification: considering a given motif of the form [G n N m ] k , motifs represented specific n or k were retained only if they were not contained also within motifs that were identified for n+1 or k+1, respectively. Specifically, retention of motifs that are characterized by exactly n or k was done using bedtools intersectBed (Quinlan and Hall, 2010) using the option -v (exclusion), with -a as the motif file representing a given n or k and -b as the motif file for the corresponding n+1 or k+1.
DATA AND SOFTWARE AVAILABILITY
Original gel images were deposited to Mendeley data, http://dx.doi.org/10.17632/7m6y78526r.1. Script used for motif scanning was deposited to GitHub (https://github.com/cdavidov/motif_search_v1-8/blob/master/motif_search_v1-10.pl).
